An investigation of the activity of nuclear RNA polymerase following infection of LS cells with HSV-I shows a decline in both major activities. This effect is not entirely due to inhibition of cellular protein synthesis, and the effect of a-amanitinsensitive RNA polymerase is mediated by a protein(s) synthesized in the infected cell. Changes in the properties of this RNA polymerase activity include a reduction in the relative UTP/GTP incorporation ratio and an increased sensitivity to inhibition by actinomycin D, indicating that RNA polymerase II is involved in virus transcription.
INTRODUCTION
The inhibition of the incorporation of exogenous uridine into cellular RNA after infection with herpes viruses has been demonstrated in many systems (Hay et al. I966; Flanagan, I967; Wagner & Roizman, I969a; Rakusanova et al. I97I) . A detailed analysis of this process is hindered by the complexity of the uptake and metabolism of nucleosides in tissue culture cells (Plagemann, I97I a, b) , and by the effects of herpes viruses on other aspects of RNA metabolism, notably the maturation of RNA (Wagner & Roizman, 1969 a; Abrahams & Hay, I972; Rakusanova, Ben-Porat & Kaplan, i972 ) .
The use of isolated nuclei to study transcription in infected cells provides a system in which RNA synthesis is dependent upon the addition of nucleoside triphosphates. Chromatography of nuclear extracts of eukaryotic cells reveals the presence of at least three DNAdependent RNA polymerase activities (Blatti et al. i97o ) . Of these, RNA polymerase I is located mainly in the nucleolus whereas RNA polymerases II and III are mainly nucleoplasmic (Roeder & Rutter, 197o) . A further distinction can be made by the use of the fungal toxin a-amanitin, which at low concentrations interacts with RNA polymerase II, thereby inhibiting this enzyme I974) .
Multiple RNA polymerase activities can also be detected in intact isolated nuclei by investigation of the effects of the ionic environment and a-amanitin on RNA synthesis (Widnell & Tata, 1964; Thompson, I973; McReynolds & Penman, I974) . In this system it has been shown that the RNA product of a-amanitin-sensitive polymerase is located in the nucleoplasm and is heterogeneous in sedimentation properties (Zylber & Penman, I97I ) . whereas the ~-amanitin-resistant RNA synthesis represents the formation of ribosomal precursor RNA (r-pre-RNA) in the nucleolus and a small amount of precursor-transfer RNA (pre-tRNA) and 5S ribosomal RNA in the nucleoplasm (Reeder & Roeder, I972; Weinmann & Roeder, 1974) . Thus it appears likely that the purified enzymes are responsible for the RNA polymerase activities of isolated nuclei.
In this paper we describe the properties of RNA polymerases in nuclei isolated from LS cells after infection with herpes simplex virus type I (HSV-I). We have classified the activities by their sensitivity to inhibition by a-amanitin.
METHODS
Cells. L cells, clone 929, were initially obtained from Dr J. Paul, and have been grown in this laboratory for many years. The cells were adapted to growth as suspension cultures (LS cells) by selection and subculture of monolayer cens which showed a reduced capacity for adhesion to glass surfaces. The growth medium was Eagle's MEM obtained from Flow Laboratories, containing penicillin (IOO units/ml), streptomycin (IOO #g/ml), 5 Yo tryptose phosphate broth and 5 ~o ox serum.
Virus. HSV-I strain Fra was kindly provided by Professor P. Wildy and passaged in L cells for at least twelve generations before use. The routine growth and titration of the virus has been described in a previous report (McCormick & Newton, 1975) .
Infection of LS cells. LS cells were diluted from 5 to 6 × IO 5 cells/ml to 2 × io 5 cells/ml with fresh growth medium, and used 4 ° h later, by which time the density had reached 5 × lO5 cells/ml. One to five × lO 8 cells were collected by centrifugation and resuspended in pre-warmed growth medium containing cell-released HSV-I at a multiplicity of 5 to IO p.f.u./cell. The suspension was incubated at 37 °C for I h with intermittent shaking, and the cells were then collected by centrifugation and resuspended in the original growth medium Infected cells were incubated at 37 °C as roller cultures. Mock-infected cells were treated in the same way except that growth medium which had been incubated for 50 to 60 h with uninfected L cells was used during the adsorption step.
Isolation of nuclei. LS cells were harvested by centrifugation and washed with ice-cold phosphate buffered saline (PBS). The cells were resuspended in I to 2 ml of lysis buffer (IO mM-NaC1; 2 mM-MgC12; 5 mM-fl-mercaptoethanol; 5 mM-tris-HC1, pH 7"5) at o °C. After 8 min the swollen cells were homogenized with four strokes of a tight-fitting Potter homogenizer, and the homogenate centrifuged at 500 g for 2 min. The pellet was resuspentied in sucrose buffer (0"32 M-sucrose; 5 mM-fl-mercaptoethanol; 2 mM-MgC12; 5 mM-tris-HCI, pH 8-0) and centrifuged again at 500 g for 2 min. This washing procedure was repeated and the final nuclear pellet resuspended in sucrose buffer at o °C. The DNA content of the nuclear suspension was measured by the diphenylamine method (Burton, 1956) .
RIgA polymerase assays. The low ionic strength assay conditions contained the following: 50 mM-tris-HCl, pH 8.0; 5 mM-fl-mercaptoethanol; 5 mM-MgC12; three non-radioactive nucleoside triphosphates, 0"3 mM; aH-UTP or 8H-GTP, o'oi mM, 2 to 5 /~Ci/ml; o'I ml nuclear Suspension containing 30 to 70 #g DNA. The total volume was 0.2 ml. The high ionic strength conditions were as above, with the addition of 0"45 M-ammonium sulphate. ~amanitin was added at I/zg/ml, a concentration io-fold greater than that required to give maximum inhibition of RNA polymerase activity.
The reaction mixtures were incubated at 30 °C for 30 rain and RNA synthesis terminated by the addition of 5 ml ice-cold 5 ~o trichloroacetic acid (TCA) containing o'o5 M-tetrasodium pyrophosphate. After incubation at o °C for 3o to 6o min, the precipitate was collected by centrifuging and washed three times with 5 ~o TCA. The final precipitate was resuspended in 0"5 ml TeA and incubated at 90 °C for 20 min. The samples were cooled, the precipitate removed by centrifuging and 0"4 ml samples of the supernatant fluid added Simultaneous reactions were carried out with and without ~-amanitin, and the polymerase II activity calculated as the incorporation which was inhibited by ~-amanitin.
In experiments designed to measure the relative incorporations of UTP and GTP, the purity of the radioactive nucleoside triphosphate was checked by chromatography on cellulose MN 3oo-PEI thin layer plates developed in ~ M-LiC1 (Randareth & Randareth, I967). The non-radioactive UTP and GTP solutions were freshly prepared and the concentrations determined spectrophotometrically. This procedure enabled the exact specific activities of the radioactive nucleoside triphosphates to be calculated.
DNA synthesis in infected cells. Infected LS cells were incubated with 3H-thymidine 0/zCi/ml, io -5 M) from 3 to 2o h after infection. The cells were harvested and washed twice with PBS. The cells were resuspended in PBS containing Io mM-EDTA and o.i ~ SDS, and heated at 65 °C for 5 min. After cooling, pronase, which had been pre-incubated at 37 °C for 2 h, was added at 2oo #g/ml and protein digested by incubation at 37 °C for I6 h. Virus and cellular DNA were separated by equilibrium centrifugation in caesium chloride gradients (Flamm, Bond & Burr, I966) . 14C-cellular DNA was added to each sample as a marker. This consistently banded at a density of I "696o to I-7o6o g/ml whereas virus DNA had a density of 1.728o to I'734o g/ml.
The relative proportions of cellular and virus DNA synthesis were calculated by summation of the 3H-radioactivity in the individual fractions of each peak.
RESULTS

RNA polymerase activities in uninfected LS cells
Isolated nuclei are active in RNA synthesis in a great variety of conditions, and the normal method of assay is to incubate at both low ionic strength (no added salt) in the presence of MgCl2, and high ionic strength (o. 3 M to 0-6 M-ammonium sulphate) in the presence of MnCl~. RNA synthesis at low ionic strength is mainly resistant to inhibition by ~-amanitin, whereas the addition of ammonium sulphate stimulates the a-amanitinsensitive activity (Jacob, ~973)-RNA synthesis occurs in many ionic conditions, however, and in the absence of an extensive characterization of the nature and metabolism of RNA synthesized in nuclei the choice of assay conditions is largely empirical.
We have investigated the effects of altering the assay conditions on RNA synthesis in nuclei from LS cells (Preston, I975) , and on the basis of these studies we have chosen to assay RNA polymerase activities at a constant MgCl2 concentration (5 mM) and either low ionic strength (no added salt) or high ionic strength (o.45 M-added ammonium sulphate). A further modification of normal methods is the reduction of the incubation temperature from 37 ° to 30 °C. This was done in order to prolong RNA synthesis at low ionic strength, as this reaction terminates by 15 rain at 37 °C. In our system, although the rate of RNA synthesis declined slightly during initial stages of the reaction, the rate of accumulation of RNA was almost linear with time during the period 5 min to 45 min after the start of incubation. The total amount of RNA that could be synthesized at 3o °C was twofold greater than at 37 °C.
A further consequence of the assay conditions used for these studies is that RNA synthesis at high ionic strength proceeds more rapidly than the MnCl~-stimulated reaction. However~ the rate of the MgCl~-stimulated reaction decreases during the period of the incubation (see Fig. 3 ) whereas MnC12-stimulated RNA synthesis shows a linear increase with time for 6o rain (not shown). At 30 min, the time used in these studies, the total RNA synthesized in the MgCl~-and MnC12-stimulated reactions was indistinguishable. At low ionic strength 25 ~o of nuclear RNA synthesis was inhibited by the addition of I/zg/ml c~-amanitin, whereas this value was 70 ~ at high ionic strength. The activities of LS cell nuclei ranged from 5"3 to 7"7 pmol GMP incorporated/min/mg DNA at low ionic strength, and from 15"7 to 29. 5 pmol GMP incorporated/min/mg DNA at high ionic strength. The RNA polymerase activity was proportional to the concentration of nuclear DNA up to a value of 2oo tzg DNA per reaction mixture. Fig. I shows the time course of nuclear RNA polymerase activity following infection with HSV-I. It can be seen that c~-amanitin-resistant RNA polymerase was diminished and that this effect could first be seen at 3 to 4 h post-infection. The a-amanitin-sensitive activity declined at a slightly earlier time, but the extent of inhibition was not complete when assayed at low ionic strength. The decline in the rate of incorporation of uridine into RNA preceded the observed effects on RNA polymerases by approx. I h.
The effects of HSV-I on RNA polymerase activities
Essentially the same results were obtained when RNA polymerase assays were performed at 37 °C, and when 2 mM-MnC12 was substituted for 5 mM-MgCI~ at high ionic strength (not shown).
The time-course of RNA synthesis at low ionic strength in nuclei from mock-infected and infected cells is shown in Fig. 2 a-amanitin-sensitive RNA polymerase activities was essentially the same at 15 min and 3 ° rain of incubation, indicating that the diminished activity in nuclei from infected cells was not due to alterations in the kinetics of RNA synthesis at low ionic strength.
Apparent inhibition of RNA polymerase activity could result from an activation of ribonucleases or nucleotidases in infected cells, and therefore to test whether this was occurring, RNA synthesis in an artificially prepared mixture containing equal amounts of nuclei from infected and uninfected cells was examined (Fig. 3) . The rate of RNA synthesis was equivalent to the mean of that in the individual nuclear populations. It should be noted that since the nuclear membrane was disrupted at the high ionic strength of the assay medium, mixing of the nuclear contents of infected and uninfected cells could occur. There is thus no evidence for enhancement of degradative enzymes which affect the RNA polymerase assays in infected nuclei. Furthermore, this experiment suggests that no transferable inhibitor of RNA synthesis which would act in o'45 M-ammonium sulphate existed in excess amounts at 9 h post-infection.
The relationship of protein synthesis to the decrease in RNA polymerase activity
It is known that infection with herpes viruses causes an inhibition of cellular protein synthesis (Sydiskis & Roizman, I967), and therefore it was possible that this alone accounted for the effects on RNA polymerase activities. In order to investigate this possibility, the stability of nuclear RNA synthesis after treatment of LS cells with 2o #g/ml cycloheximide was examined (Fig. 4) within 5 min (C. Preston, unpublished results). It can clearly be seen that the c~-amanitinsensitive RNA polymerase activity was unaffected for at least 6 h, in contrast to the situation in infected cells (Fig. 0- The ~-amanitin-resistant RNA polymerase activity declined to a level which was 4 ° to 50 ~ of the initial value, but this effect was also less rapid and less complete than that following infection with HSV-I. It should be noted that the addition of 200 #g/ml of cycloheximide to the reaction mixtures did not significantly affect RNA polymerase activity at low or high ionic strength (not shown). It was concluded from this experiment that the decrease in RNA polymerase activities in infected cells could not be due entirely to the abolition of cellular protein synthesis.
The stability of ~-amanitin-sensitive RNA in the absence of protein synthesis enabled us to study the involvement of virus-induced protein synthesis in the induction of inhibition of this activity. Fig. 5 shows the results of an experiment in which cycloheximide was added to infected cells at various times after infection; RNA polymerase activities were assayed at 9 h post-infection. It can be seen that treatment with cycloheximide at any time up to 3 h after infection prevented the loss of~-amanitin-sensitive RNA polymerase activity, indicating that a full complement of proteins necessary for this effect had not been synthesized before this time. The decrease in ~-amanitin-sensitive RNA polymerase activity in infected cells which were treated with cycloheximide at early times is thought to be due to the prolonged exposure to the drug, as an equivalent effect was noted in uninfected cells. The response of the a-amanitin-resistant activity in this experiment was complex, and it was not possible to interpret this accurately. It should be noted that the nature of this RNA synthesis, which was unaffected by the inhibition of protein synthesis, is unclear.
Altered properties of o~-amanitin-sensitive RNA polymerase following infection with HSV-I
Virus RNA synthesis occurs in HSV-~ infected cells during the time period analysed in Fig. r (Wagner & Roizman, I969b; Rakusanova et al. I972) , therefore the residual activity of a-amanitin-sensitive RNA polymerase in the low ionic strength assay conditions was of particular interest. A method which has been used to characterize the product of RNA polymerases is the calculation of the relative incorporations of UTP and GTP, which gives an estimate of the ratio of dAMP to dCMP residues in the DNA template (Pogo et al. I967; Thompson, I973) . When this test was applied to the a-amanitin-sensitive RNA polymerase activity assayed at low ionic strength (Fig. 6 ) it was found that the ratio of UMP:GMP residues in the product fell during the period 2 to 4 h post-infection, indicating a transition to a DNA template of higher GC content, an obvious candidate being HSV-~ DNA. A further investigation of the template being used for RNA synthesis may be made by examining the effects of actinomycin D on RNA polymerase activities. It has been reported previously that HSV-I replication is inhibited by very low concentrations of this compound (Flanagan, I967). Fig. 7 shows that the synthesis of infectious virus and virus DNA was y. almost totally inhibited by o.oi #g/ml actinomycin D, in contrast to the effect on cellular DNA synthesis in infected cells. The results in Fig. 8 show that pre-incubation of infected cells for I h with low concentrations of actinomycin D inhibited a significant amount of the c~-amanitin-sensitive RNA activity in infected cells, whereas the corresponding reaction in control cells was affected little. This again suggests that the a-amanitin-sensitive RNA polymerase of infected cell nuclei assayed at low ionic strength conditions partially represents transcription of virus DNA. The response ofa-amanitin-resistant RNA polymerase to actinomycin D was similar in infected and uninfected cells, and the high sensitivity of this activity agrees closely with that found for r-pre-RNA synthesis in LS cells (Perry & Kelley, ~97o) .
DISCUSSION
The use of a-amanitin, together with varying the ionic strength, enables the independent assay of the multiple RNA polymerase activities in nuclei of eukaryotic cells. In LS cells, the majority of the RNA synthesis that was detected in the presence of I #g/ml a-amanitin at low ionic strength appeared to represent nucleolar RNA polymerase, as this activity had a sensitivity to inhibition by actinomycin D equivalent to r-pre-RNA synthesis in vivo. By the same criterion, it is thought that the product ofa-amanitin-insensitive RNA polymerase in high ionic strength assay conditions also represents r-pre-RNA rather than pre-tRNA or 5S rRNA (Thompson, I973; C. Preston, unpublished results) .
Infection of LS cells with HSV-I resulted in a decline in the activity of both major RNA polymerases, and this confirms that the inhibition of uridine incorporation at late times truly represents an effect on RNA synthesis. The incorporation of exogenous uridine into RNA was affected at an earlier stage in infection, however, which indicates that the disruption of some other events, possibly processing, precedes the effect on the synthesis of RNA.
Experiments in which the incorporation of radioactive uridine into the major RNA classes was examined have indicated that the synthesis of rRNA is affected more rapidly than heterogeneous nuclear RNA and tRNA (Wagner & Roizman, I969a ) . The results presented here show that ~-amanitin-sensitive RNA polymerase was inhibited slightly earlier than cc-amanitin-resistant RNA polymerase and therefore suggest that the selective effect in vivo is not due to differential inhibition of the RNA polymerases.
Two reports are relevant to the finding that RNA polymerase activities in LS cells are diminished after infection. A study of nuclear extracts of KB cells infected at high multiplicity has revealed the presence of an inhibitor of polymerase I (Sasaki et ak 1974) . The nature of this material is unclear, but this finding is in accordance with the results presented here. By contrast, an examination of nuclei from infected HEp-2 cells showed no decrease in RNA polymerase activity at 8 h post-infection (Alwine, Steinhart & Hill, 1974) . The discrepancy between this result and the findings with LS cells may be due to differences in the cell types or the RNA polymerase assay conditions.
Inhibition of cc-amanitin-sensitive RNA activity requires protein synthesis in the infected cell, and a comparison of Fig. I and Fig. 5 shows that this protein(s) acts rapidly after its synthesis at 3 to 4 h post-infection. This fact, together with the finding that nuclei from infected cells contained no inhibitor which could be transferred to control nuclei, suggests that a virus-specific protein(s) interacts directly with the enzyme or cellular chromatin to cause inhibition of polymerase II. The candidates for such a role so far reported are the acid-soluble nuclear proteins found in pseudorabies virus-infected cells (Chandler & Stevely, I973) , the DNA-binding proteins found after infection with HSV-I (Bayliss, Marsden & Hay, I975) , and the herpes virus-induced deoxyribonuclease (Morrison & Keir, 1968) .
The decreased UTP/GTP incorporation ratio and enhanced sensitivity to actinomycin D of c~-amanitin-sensitive RNA synthesis at low ionic strength are in good agreement and indicate that approx. 5o ~ of this activity at 6 h post-infection represented virus RNA synthesis. This implies that the host polymerase II is involved in the transcription of HSV-I DNA, although the possibility that a new virus-specified enzyme is inhibited by c~-amanitin cannot be eliminated.
In the work mentioned previously (Alwine et ak I974), the cc-amanitin sensitivity of HSVspecific RNA synthesis in infected KB and HEp-2 cell nuclei was also detected. The finding that HSV-I DNA is infectious (Graham, Veldhuisen & Wilkie, 1973) indicates that the accurate transcription of some herpes virus genes can be mediated by cellular RNA polymerases.
Following the onset of virus DNA replication, the synthesis of'late' virus-specified RNA is enhanced (Rakusanova et al. 1971; Wagner, Swanstrom & Stafford, 1972; Roizman & Frenkel, 1973) . This transition could be due either to the induction of a factor which activates the synthesis of late RNA by interaction with cellular RNA polymerase II or to an increased template availability for the cellular enzyme, possibly as a result of virus DNA synthesis. We cannot distinguish between these possibilities at present.
The times of commencement of the inhibition and changes in properties of" ~-amanitinsensitive RNA polymerase are similar, and it is therefore possible that these two processes are related. A protein(s) which alters the template specificity of the enzyme could be responsible for these changes, and this point should be clarified by a study of the subunit composition of the purified enzyme from infected cells. An alternative hypothesis is that the template-bound polymerase II is released from the chromatin, possibly during the chromosomal alterations which occur in infected cells. This suggests that a study of the nature of chrom&tin and nuclear ultrastructure after infection would be informative.
